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INTRODUCTION 
The science of refining marketable products from crude 
petroleum comes, normally speaking, under the cognizance of 
Chemical or Process Engineers. Yet, just as a navy requires 
Civil Engineers to build and maintain shore facilities for a 
fleet, the petroleum industry requires Civil Engineers to 
make realities, in brick and steel, of the dreams of its 
chemists. 
In the capacity of "Civil Engineer", it was, in 1938, 
my task to design the structural features of, and in conjunc-
tion with, a low-pressure distillation unit. This unit has a 
daily capacity of twenty-one thousand barrels of crude petro-
leum. Designed and built by the Standard Oil Company of 
California, in operation in the Richmond California refinery 
of that company, it cost approximately three million dollars 
to build. Some few of the numerous structural problems in-
volved in the design of this unit particularly appealed to me; 
and to review the design of these "high points" is the intent 
of this paper. 
GENERAL 
Perhaps, it is entirely fitting that the appearance 
and functions of this low-pressure, petroleum distillation 
unit be briefly discussed, prior to presenting a design-review 
of its component parts. To neglect such procedure would 
unquestionably lead to considerable confusion. 
The unit occupies a rectangular piece of level ground 
roughly 100 feet by 300 feet. All steam, electricity, and 
compressed air necessary for operation are provided from cen-
tral sources not included in this area. 
Primarily, the major equipment items are: 
a. An atmospheric vessel, or column, of steel, 
12 feet 0. D., and 90 feet high. 
b. A vacuum vessel, or column, of steel, 14.5 
feet 0. D., and 86 feet high. 
c. A furnace, or pipe still, 40 feet by 47 feet 
by 18 feet high. 
d. A steel stack, 12 feet 0. D. at the base and 
160 feet high. 
e. A bank of twelve centrifugal pumps, on an 
elevated concrete pad 92 feet by 10 feet. 
f. A double bank of fifteen heat exchangers, on an 
elevated concrete pad 59 feet by 18.5 feet. 
2. 
g. Seven overhead heat exchangers and coolers, 
supported by a steel structure 96 feet high. 
h. A one-story brick control house. 
This equipment was placed on the property in relative position 
as shown on Illustration "1", following. The various pieces 
of equipment required for the unit are connected together, 
above ground, with welded steel pipe of sizes ranging from one 
to thirty-six inches in diameter. 
The purpose of a crude-petroleum distillation unit is, 
briefly, to produce by distillation from crude oil as taken 
from the ground, hydro-carbon products of marketable value. 
These range from gasoline and kerosene to light and heavy oils, 
to light and heavy greases, to tars, and finally, coke. By 
proper control of "charge", heat, and pressure, a hydro-carbon 
of practically any viscosity may be produced from such a 
unit. Some few of these products are suitable for marketing 
directly as they are "cut" from a unit: the majority, however, 
are piped to storage for either final refining or blending 
before sale. A simplified flow diagram for this unit, Illus-
tration "2", traces the flow of hydro-carbons thru the major 
items of the equipment. Illustration "3" shows a heat and 
weight balance for the unit under the designed operating con-
ditions. 
During the first stages of designing such a unit, the 
services of a Civil Engineer are needed only for occasional 
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LIM 
4. 
consultation. All matters pertaining to the type and size 
of operating equipment required are determined by Chemical 
Engineers assigned to the project. Finally, the Civil Engi- 
neer is given a list of sizes, weights, operating conditions, 
and desired locations for the various items of equipment; 
from that point, until the unit is built, his services are 
entirely essential. Such a list of data was given, in the 
case of the crude unit, and on the information there contained 
plus a number of conservative assumptions, the structural de7 
sign was accomplished. 
There follow, reviews of the structural design of most 
of the important items required. For ease of discussion, the 
design will be reviewed under two major classes: First, "De-
sign at or Below Ground Elevation"; Secondly, "Design Above 
Ground". 
5. 
Design At or 73elow Ground Elevation 
Sewers. 
P. Piles and Pile-Caps. 
C. Foundations. 
a. Combined Footing for Fractionating Columns, 
Strippers, and Overhead. structure. 
b. Stack F o un dation. 
C. Heat Exchanger Foundation. 
d, Pump Foundation. 
e. Circular Storage Tank Foundations. 
A. SEWERS 
For a number of years it has been a policy of the 
Standard Oil Company's Richmond Refinery to use only the fol-
lowing sizes of sewer pipe: 6", 8", 12", 18", 24", 30", 36", 
40", and 48". Construction is limited to these sizes in 
order that the refinery storehouse will not be forced to main-
tain too large a stock of sewer pipe; and, 6" pipe is con-
sidered to be the minimum size which may be cleaned-out 
readily. So, all pipe sizes used for the sewers on the crude 
unit were selected from this list. 
A great deal of the cooling water used in the cooling 
or condensing equipment in this refinery is salt water, which 
tuberculates pipe rapidly and also carries salt water organ-
isms into the pipe where they cling on the walls and multiply, 
partially filling up the pipe in time. For this reason, 
a. "C" Valve of "50", which normally would seem very low for 
sewer design, was used throughout. The formula employed for 
all design was that of William and Hazen of: 
Q:: 65 d2 .
63  p .54 
6. 
where Q = discharge in 42-gallon barrels/hr. 
C = coefficient of pipe roughness. 
d 7 inside diameter of pipe in inches. 
p = pressure loss in #/sq.in./1000 1 . 
and, arbitrarily a minimum grade of 1% was selected as being 
the least grade which would allow the sewers to flush them-
selves clean of sand and grit. 
Service, or duty, of the sewers was taken at 150% 
overload from all water using equipment; and rainfall at 1"/hr. 
maximum on all slabs and pavements within the area. All sewer 
pipe under concrete foundations or pavement was installed in 
Class "A", cast iron, bell and spigot pipe, while all pipe 
elsewhere used was heavy duty, bell and spigot, salt glazed, 
terra-cotta pipe. 
It is necessary, because of the fire hazard involved 
in the event of breakage or overflow of petroleum containing 
equipment, that all branches from a sewer be "water-sealed", 
so that no fire could use an oil-filled sewer as a medium to 
pass from one piece of equipment to another. This is the 
reason for the large number of seals, traps, and manholes 
used in both the main sewer and its branches. 
The entire Richmond Refinery is built on filled ground 
which, for the main part, was pumped in place from the bay: 
furthermore, ground water is less than five feet below the 
■ 
normal surface of the ground. Bearing power in such soil is 
very low, as will be discussed at some length in conjunction 
with "Piles", so it was decided that all sewers below grade 




The main sewer connects beyond the liwts of this 
area to a 48" sewer already existing in the street and 
through which discharge without treatment is made directly 
into San Francisco Bay. 
Illustration "4" shows the entire sewer layout, in-
cluding "clean-outs" and "water-sealed" traps. 
Illustration "5" shows complete details of the two 
"catch basins". It might be of particular interest to note 
"water-seal" of these basins. 
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B. PILES AND PILE-CAPS 
The Refinery site is low, flat ground, directly 
adjacent to San Francisco Bay. Formerly, most of this 
ground was salt marsh: some years ago this march was re-
claimed by pumping sand and clay, from hydraulic dredges, 
inside of a system of levees or dikes. Ground elevation is 
generally about ten feet above mean sea level, and ground 
water is encountered three and one-half feet below the sur-
face, at elevation plus six-fifty. At several times during 
the year, however, particularly &tiring the early spring, the 
ground water rises almost to the ground surface. The nature 
of this dredged material is nearly like quicksand; and like 
quicksand, it will flow'if not restrained by sheet piling. 
At distances of between forty-five and fifty feet below the 
ground surface lies a strata of hard shale which has excellent 
bearing capacity. 
Building on such soil might be accomplished in a number 
of different ways, but it has generally been found satisfac-
tory and economical to employ spread footings of concrete, 
supported on piles; and all foundations in the Refinery are of 
this type. A total of 395 green piles, varying from forty-
five to fifty feet in length were driven for the foundations 
of the crude unit. Piles were cut off at ground water, 
elevation plus six-fifty, and capped in concrete for their top 
six inches. In calculating the safe load-bearing capacity of 
these piles, the formula known as "The Engineering News 
Record Formula", which follows, was used. An average bear-
ing capacity of these piles, according to this formula, was 
slightly above 22.7 tons, and design was based on a safe-
bearing capacity of 20 tons. 
The Engineering News Record Pile Formula 
2wh P = 
P = Safe load on a pile in pounds. 
w = Weight of steam hammer in pounds. 
h = Fall of the hammer in feet. 
s = Last penetration of pile in inches. 
Illustrations "6" and "6A" show pile locations. A 
careful inspection of these illustrations will show a few 
creosoted piles designated. During the design period it had 
been contemplated to use creosoted piles for all shallow foot-
ings, raising the cut-off elevation approximately two feet 
and saving, thus, two feet of concrete. However, at the time 
actual construction was started, creosoted piles were almost 
unObtainable in the "Bay" area due to the creosoting plants' 
entire capacities having been pledged to fulfill the require-
ments of "Treasure Island", which was then under construction. 
So, all green piles were driven; and in order to make the 
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concrete savil 	t would have been possible -ath creosoted 
piles, n concrete pile cap was designed. Thus, no footing was 
designed deeper `h .n was structurally required. Illustration 
"7" shows the details -if the pile cap used. .'ores used for 





All of the foundations were designed to be of rein-
forced concrete, supported on piles. The design was based on 
the use of 2000 lb/sq.in. concrete; and in order to insure 
such strength, plant-controlled mixes were specified. Struc-
tural grade, deformed bars, conforming to A.S.T.M. Specifica-
tion A-15-35 were employed for reinforcing. 
a. Combined Footing for Fractionating Columns, Strippers, 
and Overhead Structure. 
The relative arrangement of the pieces of equipment 
placed on this footing had been decided upon from a process 
standpoint. Given such an arrangement, a footing was designed 
capable of supporting all of the equipment under maximum load 
conditions; which was with the vessels full of water as they 
would be under_ hydrostatic test. For design purposes, after 
a tentative outline of the foundation had been drawn and the 
required number of piles tentatively calculated and sketched 
in place, two strips of the footing, twelve inches wide, were 
investigated by drawing both the shear and moment diagrams 
for such strips. These strips were selected so as to have 
the maximum moment in both directions. On the basis of the 
shear and moment diagrams thus drawn, the depth of the con-
crete and its amount of reinforcing were designed. In 
12. 
13. 
arranging tile piles beneath this footing, an effort was made 
to coincide the centers of gravity of the pile group and of 
the applied vertical loads. In final calculations, these 
wer) found to be less than 6" apart. Finally, the maximum 
and minimum loading of the piles were calculated while the 
maxi aum lateral loading due to wind or earthquake was applied 
to the equipment. This was done to make certain that the de-
sign safe load of 20 tons a pile was not exceeded on the 
leeward side snd thr)t there would be no uplift on the windward 
side. Approximately 260 cubic yards of concrete and 15 tors 
of reinforcing steel were incorporated into this footing, 
which is supported on 131 eilee. The total applied load on 
the footing, under maximum conditions, was calculated as 
approximately 1,500 short tons. Illustration "8", following, 
shows the details of this footing. It should be noted that 
is a pipe-trench thru the top of the footing, as shown on 
Section A-A" of illustration, which cuts by 1/-3" the effective 
depth. Having to provide such a trench, for process pining, 
in no way lightened the designer's problems 
b. Stack Founda;ion. 
The foundation for the steel stack represented a rather 
interesting problem because of the difficulty in obtaining 
stability when a lateral wind load was applied to the stack. It 
had become so,- ,e while - go, a 	lioy of the Standard Oil Company 
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which means that no lateral stability could be secured by 
guy wires as is often done. Thus, stability was a problem. 
A tentative footing was sketched, and after the dead weight 
of the stack had been calculated, the number of piles necessary 
to carry the load of stack and footing was determined. These 
piles were arranged on the largest circle that the tentative 
size of the footing allowed. Then, the full lateral wind 
load was applied to the center of gravity of the stack and 
considered as causing a moment about the point of the pile 
cutoff. This moment had to be resisted by the moment of the 
pile circle about its diameter. For this purpose, the follow-
ing formula was used: 
S P 	Mc A 
where, 
S = Maximum load on a pile, lbs. 
P = Total dead load in lbs. 
A = Number of piles on pile circle. 
M = Moment of wind load about pile cutoff (lbs. feet). 
C = Radius of pile circle in feet. 
I = Moment of Inertia of the pile ring about its center 
in feet4 . 
"I" is found for a pile circle by considering the area of a 
pile to be unity and making a summation of unit areas times 
the square of the distance each pile lies from a diameter of 
14. 
15. 
the circle. The sign is taken as "minus" on the windward 
side of the pile circle and "plus" on the leeward side. 
Three such preliminary designs were investigated before 
a suitable one was found. When an apparently satisfactory 
plan had been tentatively found, a force diagram was drawn to 
make certain that the resultant between the horizontal and 
vertical forces lay well within the "Kern" of the pile circle; 
in as much as this did, the design was accepted. 
This footing was designed as an octagon only because 
such a shape is cheaper to form than a circle. Reinforcing 
steel was designed on the basis of the maximum moment caused 
in the concrete by the force of the leeward side of the base 
of the steel stack pressing against the footing when full wind 
load was applied, and, because the wind had to be considered 
from all quarters, this amount of reinforcing was placed in 
all bands. 
c. Heat Exchanger Pad 
The foundation for the heat exchanger and coolers was 
designed as two continuous beams, tied together for stability, 
and gaining points of support from piles. The heat exchangers 
and coolers were placed directly over piles, so the load on 
these continuous beams was caused by a six-inch concrete pave-
ment designed for a one-hundred pound per square foot live 
load. In as much as the spans differed in length, moments on 
those beams were calculated according to the "Theory of Three 
Moments". Perhaps to have balanced the moments over points 
of supports according to the methods introduced by Professor 
Hardy Cross might have involved less work and resulted in the 
same degree of accuracy. Illustration "9" shows the details 
of the heat exchanger foundation, as designed. 
d. Pump Foundation. 
The foundation for pumping equipment was designed as a 
pair of parallel, continuous beams supporting a twelve-inch 
concrete slab and in turn supported by piles. At the time the 
design was done, the size and accurate weight of each of the 
pumps had not been determined, although their relative loca-
tion was known. So, for design purposes, a maximum weight of 
each pump was selected from information about pumping equipment 
used on another somewhat similar unit built for the Company 
several years before. A live load of one-hundred pounds per 
square foot was figured for the pavement over the two beams, 
and in as much as it was not possible to locate piles under 
each individual pump, the beams were forced to carry con-
centrated loads besides the uniform load from the pavement 
slab. In this design, it was possible to make the beams of 
equal span, so figuring the moments caused by these applied 
loads was relatively easy; and they were designed as continuous 
beams carrying both uniform and concentrated loads. Illus- 
16. 
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tration "10" shows in detail the pump foundation as designed. 
It may be again noted that the "process" requirements of a 
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The Design of Circular Tank Foundations. 
In direct conjunction with this Crude Distillation  
Unit, two foundations for circular, steel, storage tanks, 
of 20,000 barrel capacity, had to be designed. Because such 
design presents a problem rather dissimilar to those normally 
expected to be encountered in "Concrete Design", the method 
employed is discussed in some detail. 
Procedure 
1. Compute the area, based on soil bearing ability, re-
quired for the foundation in the same manner as the plan area 





B n Breadth of a footing, in feet. 
D = Length of a footing, in feet. 
N = Total applied load, both dead and live, on the foot-
ing, in pounds. 
T LI Safe bearing power of the soil in question in pounds 
per square foot. 
18. 
N 
This formula, for a circular footing becomes: 
TR2 = N 
2000'T 




2. Then, (See "Applied Elasticity", S. Timoshenko), the 
radical and circumferential bending moments per lineal foot 
in the slab can be computed by the following approximate 
formula: 
Mr (center) = Me (center) = 3 	(loge  20 pR2 lo r 	r
2
) ) 	(2) 
11 - 
Mr (edge of slab) = 1/2 Mc (center of slab) = 
miu pR2 (log E.I.2k- r2\\ e r 6 pi; (3) 
where, 
Mr = Radial bending moment in ft. lbs. per lin. ft. 
Mc = Circumferential bending moment in ft. lbs. per lin. ft. 
Average soil pressure due to tank load = T7R2 , in lbs. 
per sq. ft. 
R = Radius of the slab in feet. 
r = Radius of the tank in feet. 
19. 
and, 
The variations in bending moments between the center and 
the edge of the slab can be taken as linear. 
A chart, following, gives a solution for values of log e  
r 
for all values of ; between 1.0 and 2.0. 
3. Then, in normal fashion, calculate the depth of the 





b 2 12 inches width of section. 
d = Depth of foundation in inches. 
M = Maximum bending moment calculated from equations #2 or 
#3. 
K = A constant to be secured from any design tables and 
depends upon "fc" and "n". 
4. Design reinforcing from usual formula. 
As - ma 	(5) 
where, 
As = Area of reinforcing needed in sq. ins. 
M = Maximum moment in lbs. inches. 
20. 
t-4 
I 4 4_ 
O
. 















fs = Allowable unit working stress of reinforcement bars. 
j = A constant, usually .875. 
d = Depth of section in inches. 
5. Investigate section for shear and bond as normal practice. 
The recommended method of placing reinforcement in large 
tank foundations is shown in figure #1. Such placing and 
arrangement of bars represents a tremendous saving (nearly 
50%) of steel over the normal method of placing a mat of steel 
in two directions at right angles, see figure #2. 
In such design it is recommended that the area of steel 
reinforcing should be computed both radically and circumferen-
tially. 
/c/G(//24 / /c/ricigE 2. 
Structural Design Above Ground. 
A. General. 
B. Steel Smoke Stack. 
C. Supporting Framework for the Overhead Heat 
Exchangers and Coolers. 
D. Walks, Stairs and Ladders. 
E. Shell of Vacuum Column. 
F. Shell of Atmospheric Column. 
22. 
A. GENERAL 
In general, all structures and equipment above ground, 
such as the atmospheric and vacuum columns, the stripper 
columns, the stack, and the supporting framework for the over-
head heat exchangers and condensers, were designed to be able 
to resist both a vertical loading, due to gravity effects of 
dead and live loads, and a lateral loading due to either wind 
pressure or possible earthquake effects. 
The effect of wind was designed as a lateral force 
equal to a force of twenty pounds per square foot on all 
projected surfaces above ground. This force was applied hori-
zontally at the center of gravity of the structure under con-
sideration. 
The effect of earthquake loading was taken as being 
equal to one-tenth the total vertical effect due to dead and 
live loads, applied horizontally at the center of gravity of 
the structure in the design of all equipment. In the design 
of the structure supporting the overhead coolers and heat 
exchangers structure, one-tenth of the gravity effect of all 
loads superposed above each panel point was applied at the 
panel point in a horizontal direction. Such procedure is 
quite normal in designing the frameworks of buildings in the 
State of California and is acceptable by the State Building 
Codes. 
23. 
In no case was any structure or piece of equipment 
designed to resist a combination of both these two lateral 
forces; both were always calculated for each piece of equip-
ment but only the largest applied to the structure or piece 
of equipment for design purposes. As might be expected in 
all cases but that of the supporting structure for the over-
head condensers and heat exchangers, the wind load governed. 
This structure, however, because there are no enclosure walls 
between its members, was designed with a governing lateral 
force produced by earthquake effect. 
In as much as wind loading in a structure is never a 
constant effect, and earthquake stresses occur infrequently, 
it was deemed conservative to increase the normal working 
stresses for combined dead load, live load, and either wind 
loading or earthquake effect by one-third those stresses 
allowed by the Code for vertical loading alone. To do so is 
allowable by the Building Codes of Los Angeles, the Pacific 
Coast and the Field Act. The San Francisco Building Code 
would have allowed an increase of seventy-five percent for 
columns and one-hundred percent for all other elements, but 
such a value seems too high and the smaller allowance was 
used. 
B. STEEL SMOKE STACK 
It was required to design, from a structural stand-
point, a steel smoke stack 160 feet high, the top 115 feet 
of which was a plain cylinder 8 feet O. D. and the bottom 
45 feet of which flared conically from 8 feet O. D., at the 
45 foot point, to 12 feet O. D. at the base. 
It is advised by all Building Codes pertaining to the 
West Coast, and recommended as well by the Bureau of Wharves 
and Docks, United States Navy, to design such equipment for 
a wind load of 20#/sq.ft. on the projected surface. It has 
already been mentioned that this stack had to be designed to 
be self-supporting; i.e., guy lines could not be employed to 
gain stability. The stack, therefore, was designed as a 
vertical centilever beam subject to a vertical load of its 
own weight and a lateral load due to wind pressure. 
There seem to be a vast number of formulae available in 
technical literature for obtaining a value of the proper unit-
working stress to use in steel stack design. A number of such 
formulae were examined, and values of from 8000#/sq.in. to 
12000#/sq.in. in compression were obtained. Thus, because the 
values obtained from it were about an average, and confidence 
was felt for its source, the formula suggested by the Chicago 
Bridge and Iron Works which follows, was used. 
25. 
Chicago Bridge and Iron Works formula: 
S = 14,000 - 125 3,4 
where, 
S = Unit compressive stress in gross section in lbs./ 
sq.in., with a maximum value of 10,000 lbs./sq.in. 
to be used. 
D = Diameter of stack in feet. 
t = Thickness of plate in inches. 
The plates making up this stack were welded together with 
3/8" continuous fillet weld both inside and out. 
Stack design is actually accomplished best by "cut and 
trial" methods. This is true because the bending formula 
depends upon a moment of inertia of the cross-section, this 
moment of inertia depends upon the sidewall thickness, and it 
is the thickness which one is trying to obtain. So, the usual 
method of such design is to assume a thickness of sidewall and 
investigate to see if it is suitable. The basic formula being: 
I 
where, 
S = Allowable stress per unit area in #/ sq.in. 
P = Dead weight of stack in lbs. 
26. 
M = Bending moment about base caused by the wind load 
being applied at the center of gravity, in lbs.in. 
C = Radius of stack at section being investigated in 
inches. 
I = Moment of inertia of cross-sectional area of stack 
at section being investigated in inches4 . 
However, it is normal practice to limit the minimum 
thickness of the plates used in a self-supporting stack to t" 
in the sections at the top and 5/16" in the sections at the 
bottom. Upon investigation, 1/4" was found satisfactory for 
the thickness of the plates in the top section and 3/8" for 
those at the bottom of this stack. 
A flat circular base plate, centered on the bottom of 
the stack, and welded with a continuous 3/8" fillet weld in-
side and outside was used between the bottom of the stack and 
the concrete foundation. This base plate was designed from 
the following formulae: 
4M 




P = Pressure between baseplate and concrete in lbs. 
pressure per lineal inch of base circumference. 
27. 
W = Total dead weight in pounds. 
Db = Diameter of circle of anchor bolts in inches. 
M = Bending moment due to wind force in lbs. in. 
A maximum "fc" should be selected for a working stress in the 
concrete foundation which should not exceed 500#/sq.in if the 
wind load is omitted, or 400#/sq.in. if wind load is included. 
Then, from formula #1 the value of "P" having been ob-
tained, the necessary breadth of the baseplate is readily 
obtainable, from: 
B= fe (2) 
where, 
B = Breadth of baseplate required, in inches. 
P = Maximum pressure per lineal inch Formula #1. 
fe = Working stress allowable for concrete in compression, 
in lbs./sq.inch. 
Then, assuming that .1 the breadth of such a baseplate 
would be directly under the metal of the stack and at the 
center of the baseplate, the plate would have an unsupported 
length of .45 B on either side of the stack. Therefore, the 






A = Thickness of plate, in inches. 
b = .45B from Formula #2. 
fo = Working stress for the concrete in lbs.sq.in. -
either 400#/sq.in. or 500#/sq.in. as has been 
discussed. 
fs = Working stress for baseplate material in lbs./sq. 
in. (16,000#/sq.in.steel). 
Such a plate should be investigated to see that the 
maximum allowable working stress of the baseplate material 
is not exceeded, which is obtainable from: 
S = A — fa 
where, 
S = Unit stress in shear in baseplate, in lbs./sq.inch. 
The size and number of anchor bolts required for this 
stack were determined from a formula used by the Chicago 
Bridge and Iron Works, one form of which is: 
S 4M 
	Ws 
= TIN N 
where, 
S = The maximum tension stress on one anchor bolt in 
pounds. 
M = Bending moment due to wind, about base of stack, in 
lbs.in. 
N = Number of bolts.,  
Db = Diameter of bolt ring, in inches. 
We = Weight of the stack, in pounds. 
This formula is used in practice by assuming the number of 
bolts to be used, solving for "S", and computing the bolt 
diameter so that a unit stress of 15,000#/sq.in. on the net 
section of the bolt is not exceeded. 
The anchor bolts were imbedded in the concrete as deeply 
as possible and hooked under the bottom reinforcing steel where-
ever feasible. In all cases, bolts were sufficiently imbedded 
in the concrete as to develop in Bond the full strength of the 
bolt in tension. 
Just prior to the time of designing this stack, the 
Company had been put to some expense, and the Engineering 
Department to considerable embarrassment by the partial failure 
of a somewhat similar self-supporting steel stack in the re-
finery on Bahrein Island. For this reason, it was deemed 
justified to make some additional studies of the effect of wind 
loads on stacks. Almost all further information of this sub-
ject lay in the field of "Aerodynamies".. 
30. 
From a number of sources, all mentioned in the "Bibli-
ography", the following theory was derived. In designing a 
stack simply by the conventional methods already stated, it 
is assumed that the lateral force due to wind load is a 
steadily applied load with no variance in intensity and no 
oscillatory effect. Such a condition is practically impossible, 
because not only do oscillations in the stack occur from gusts 
of wind, but also due to the flow of wind around the stack; 
which latter fact is a phenomenon of aerodynamics. 
A fluid flowing around a cylinder in its path flows 
smoothly up to a certain point (See point "A" in diagram above) 
beyond which the pressure of the fluid is not sufficient to 
bend in the fluid stream to keep it in contact with the leeward 
side of the cylinder. Because of this lack of pressure, the 
stream breaks free from the cylinder and sets up a series of 
vortices or whirlpools, which upon building up to a certain 
size, move downstream in the wake of the cylinder. Theory is, 
that such vortices form alternately on opposite sides of 
the cylinder and upon breaking loose cause impulses, on alter- 
31. 
nate sides, at right angle to the direction of the wind. The 
frequency of these impulses increases as the velocity of the 
wind. If the vibration caused from such impulses happens in 
frequency to approach the frequency of the natural vibration 
of a stack, oscillations will occur in large amplitudes. Such 
a condition would cause both longitudinal bending stresses and 
circumferential bending stresses because it is evident that 
the tendency of such impulses would be to deform the circular 
section of a stack. Thus, and until our knowledge of this sub-
ject becomes greater, we have judged the following procedure 
to be an effort in the correct direction toward the scientific 
design of steel stacks. 
1. Design a stack, according to normal practice and as 
already outlined, as a vertical cantilever. 
2. Investigate the stack thus designed, to make certain 
that the wind velocities encountered will not cause 
vibrations of a period similar, or near the range, to 
those of the natural periods. 
3. If the range of these periods, in any modes above the 
fundamental, fall closely together, the stack must be 
redesigned by: Changing its shape, its height, the 
thickness of its plates, or by the addition of properly 
designed stiffener angles. 
A stack, like any other structure, has a natural period 
of vibration dependent upon its diamter, its height, the thick- 
32. 
ness of its side walls, and the nature or kind of material it 
is made of. 
The period of such a natural vibration may be calculated 
from the following formula derived by Kyoji Suyehiro. 
to - 2 L2 /1" 	Tic 
	
— 	(1) - 
mr2 K 
where, 
to = The period of the vibrations, in seconds. 
L = Height of stack, in feet. 
= Radius of Gyration in feet. 
mr = A constant, which is: 
1.875 for the fundamental, 
4.694 for the 2nd harmonic, 
7.855 for the 3rd harmonic. 
e = Density, in slugs per cu. ft. 
E = Young's Modulus, in pounds per sq.ft. 
Vibrations of orders higher than the third harmonic dissipate 
under the phenomenon of "solid viscosity". 
Now, as the result of an applied exterior force such as 
wind load, earthquake shock, etc., there will be set up a 
forced period of vibration. The period of such a forced vibra-
tion may be calculated from the following formula derived by 
W. W. Pagan. 
33. 
to = D •
27V ‘ 1 
where, 
to = The period of the vibrations, in seconds. 
V = Velocity of wind, in miles per hour. 
D = Diameter of the stack, in feet. 
Procedure in such investigation for resonance is to 
solve equation #1 for the second and third modes of forced 
vibration; and then, by use of equation #2, determine what 
wind velocities would produce such period. If the wind 
velocities producing either the second or third harmonic lie 
within a range of wind to be expected, the physical features 
of the stack should be altered and an entirely new design made 
and investigated. 
It is felt that vibration in the first mode is not im-
portant for the reason that the frequency of this mode is 
comparatively slow and the wave long. Practically all steel 
stacks investigated attain this fundamental mode of forced 
vibration under winds of between 15 and 40 miles per hour: yet, 
that stacks do not fail at such velocities is well known. And, 
it is probable that winds will never be encountered that can 
produce forced vibration above the third mode. 
400 
The Bahrein Island stack, mentioned, was investigated 
according to the theory presented i and investigation showed that 
34. 
• 
vibrations caused by a 93-mile per hour wind would have the 
same frequency as its natural, second harmonic. Reports of 
the failure from Bahrein established that the wind had attained 
a velocity of 90 miles per hour at the time the failure was 
first observed. 
It may be of some interest to follow thru the "resonance" 
investigation of the crude unit stack; if for no other purpose 
than to demonstrate that the method is much less involved than 
the theory would appear. 
Consider a stack of diameters, height, and plate thick-
ness shown on Illustration "11": 
1 




 True thickness of plate (average)	115 x .25 	X .375 - .285" 
 
K +76624. 77E132 = 3 . 02 ' 
4 
1. Fundamental 
2 L!11' 	 (1) 
mr2 K 
V 490 
_ 2.11. .1602 	32.2  
- 1.8752 x 3.02 30,000,000 x 144 
.905 sec. 
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— 4.6942 x 3.02 30,000,000 x 144 
.145 see. 
V - .27 x .145 
_ 206 M.P.H. wind. 




24Y1602  to  
77052 x 3.02 
\\I  490  
32.2  
30,000,000 x 144 
V 
= .0514 sec. 
8.56 
.2 7 x .0514 
616 M.P.H. wind. 
C. SUPPORTING FRAMEWORK FOR OVERHEAD HEAT 
EXCHANGERS AND COOLERS. 
The design of the supporting framework for the "Over-
head Heat Exchangers and Coolers" presented the most difficult 
structural problem of any in conjunction with the crude unit. 
The relative position of both the Vacuum and the Atmos-
pheric Columns was established purely from a "process" stand-
point. With very little clear space left between these vessels 
and the necessity for a structure to support very heavy con-
centrated loads, high in the air, the designer was instructed 
to design a steel supporting framework suitable for such a 
purpose. 
All of the dead loads and the position in space of the 
overhead equipment were calculated, or secured from engineers 
who had charge of the design from a "process" standpoint. The 
loading diagram of these concentrated loads appears on Illus- 
tration "12" following. All equipment was considered as producing 
a vertical load on the structure equal to the weight of the 
equipment, the weight of its full capacity of water, the weight 
of insulation, and the weight of all appendages such as pipe 
and valves. All "catwalks" between items of equipment were 
considered as producing a dead load equal to their own weight 
and a live load of 40 lbs/sq.ft. 
With these restrictions in plan area, and all external 
forces located in both magnitude and direction, a tower 96 1 -le 
37. 
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high, 13 1 x 15 1 between the center lines of the four columns 
in plan for the top 73 1 -3", and with the bottom 22 1 -10*" flaired 
to a plan dimension of 21 1 x 23 1 , was designed. The height 
was divided into eight panels which varied in size from 9 1 -0" 
to 17 1 -6": - this division was due to the peculiar location of 
various pieces of equipment. 
Cross-bracing of panels on the north and south elevations 
was impossible because of the necessity of there being "catwalks" 
between the equipment in this direction. So, "kneebracing" 
in these elevations had to be resorted to in order to resist 
lateral forces. The "H" sections selected for column members 
were placed so that their greatest radius of gyration lay in 
this difficult to brace direction. Although a 6" "H" section 
at 12 lbs./lin.ft. was selected for these "kneebraces", the 
lateral forces were so great that a 1" triangular plate was 
added to the top of each girder at the column connection. 
Bracing on the east and west elevations was a more simple 
problem because here "crossbracing" in both directions could be 
employed between the columns of a panel. For this bracing a 
3*" x 32" x 3/8" angle section was used. 
Design was accomplished by sketching a line diagram of 
the members, as enumerated, to scale, applying all lateral and 
vertical forces which would act on the structure; and, after 
having figured moments, balancing all the joints according to 
38. 
the methods of Professor Hardy Cross. The governing lateral 
loads were those forces applied due to design for earthquake 
effect. One-tenth the total dead and live loads acting 
vertically, due to gravity, superposed above each panel point 
was applied as a horizontal force at the panel point. 
After the design had been completed, it developed that 
some of the bracing, as planned, interfered with piping between 
pieces of the equipment. In all of these cases the designer 
was instructed to redesign the bracing. For this reason, as 
the design was finally completed, the structure had assumed 
quite an unsymmetrical shape. However, despite this peculiar-
ness of shape, the structure is sound structurally. Final 
analysis dictated the installation of 3/4" round tie rods crossed 
between opposite columns in a horizontal plane at each panel 
elevation to add further lateral bracing. All connections, 
both shop and field, between the members of this structure were 
welded; welded connections having been found considerably cheaper 
than riveted connections in this area. 
39. 
D. WALKS AND STAIRS 
All walks and stairs necessary for control and main-
tenance of overhead equipment were fabricated of steel angles, 
channels, and checkered floor plate; completely shop and field 
welded. 
Once again, interference with process piping caused a 
great deal of difficulty in the layout and design of the walks 
and stairs. It was the elimination of such interference that 
caused many members to be "jogged", cantilevered, or hung from 
members above. 
The central walk and stair System is supported on one 
side by the two south columns of the overhead exchanger and 
cooler structure and on its other side by small 6", "H" columns 
at 32#/lin.ft. 
This structure was designed for a dead load of its own 
weight and a live load of 40#/sq. ft. on all platforms, stairs 
and ladders. Illustrations "13","13A", and "14" show the de-
tails of the various walks, stairs, and ladders as designed. 
40. 
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E. SHELL OF VACUUM COLUMN 
The major structural problem in connection with the 
Vacuum Column was in the design of the shell, and the internal 
bracing in the shell to enable it to withstand exterior pressure. 
Although many small problems such as the connections between 
shell and plate, etc., were solved structurally, only the de-
sign of the shell and bracing will be discussed. 
Experiments in the Richmond Refinery resulted in a 
value of 1/64" per year being accepted as the corrosion rate of 
steel exposed to hot hydro-carbons of West Coast origin. In 
the design of the shell of both the Vacuum and the Atmospheric 
Columns a thickness of metal of 1/8" was added to the shell, 
beyond that thickness required for structural reasons. Such 
an allowance would theoretically make the safe life of these 
shells eight years of constant operating conditions. 
To design this vessel so that it could withstand total 
vacuum without failure, and at the same time withstand the 
stresses caused by a lateral wind load and axial loading the 
following procedure was followed. 
A metal thickness was selected from the standpoint only 
of stresses caused by the vertical load due to the weight of 
the column and its packing, and to the stress caused by the 
moment of the wind force about the base of the column. This is 
exactly similar to stack design. 
41. 
Then, on the basis of this thickness of sidewall, an 
absolute collapsing pressure was calculated from the empirical 
formula of "Stewart, Carman, and Carr"; which follows, and 
which has demonstrated greater accuracy in the testing laboratory 
than any of the many theoretical formulae for design of pressure 
vessels. 
P = 50.2 x 106 (a) 3 
where, 
P = Absolute collapsing pressure, in lbs./sq.in. 
t = Thickness of the sidewall of the vessel, in inches. 
D = Diameter of the vessel, in inches. 
For safety in design, the "P" in this formula was divided by a 
factor of safety of 5; and the resulting value obtained was 
found to be less than the exterior pressure of 15 lbs/sq.in. 
which was being designed for. This indicated that vacuum bracing 
would be needed. 
Vacuum bracing was designed on the basis of "Fgpplts" 




P = Pressure, in lbs./sq.in. 
E = Young's Modulus, in lbs./sq.in. 
I = Moment of inertia of the section, in inehes 4 • 
42. 
43. 
r = Radius of the section, in inches. 
L = Length of the section, which in this case was the 
distance between adjacent stiffening rings, in inches. 
In using this formula, a value of "L" is arbitrarily selected. 
In this case, a value of L = 24" was selected because it offered 
certain mechanical advantages to the inside arrangement of the 
trays. Solving "Applis" formula for "I" results in obtaining 
the moment of inertia of a structural section, about its own 
axis, necessary to be continuously placed inside the shell of 
a vacuum vessel at "L" distance apart, in order to resist the 
desired amount of external pressure. The reinforcing, or 
stiffening sections, thus designed agree very well with all 
requirements of the A.P.I. Code, for pressure vessels. Illus-
tration "15" shows the details of the Vacuum Column, as 
designed. 
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F. SHELL OF ATMOSPHERIC COLUMN 
The atmospheric column was designed according to the 
ASIDE Code for "Unfired Pressure Vessels". Maximum temperature . 
 designed for was 6500, at which point the code allows a work-
ing unit stress of 25% of the ultimate to be used. Maximum 
pressure designed for was 50 lbs./sq.in. After the shell had 
been designed in accordance with these requirements, it was 
examined for bending due to the stresses caused by its vertical 
load and the bending moment of an applied wind load of 20#/sq.ft. 
projected surface. 
It was found that the thickness of sidewalls as designed 
for internal pressure was satisfactory to resist bending. 
Illustration "16" shows the details of this vessel as designed. 
44. 
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The purpose of this paper is, primarily, to discuss and 
review the structural design of the major items of equipment 
incorporated in a crude petroleum distillation unit. Yet, the 
labor involved in preparing it might be justified for two other 
reasons. First, because in at least several instances, it is 
felt that the methods employed are new and unusual. Secondly, 
because it indicates the widely varied types of structural 
problems that are required to be solved by a Civil Engineer em-
ployed by an oil company. 
45. 
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